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Abstract

In this work, WOs3 thin films were fabricated by reactive
DC magnetron sputtering, and then thermally annealed at
. 400°C for 2 h under air, low vacuum and high vacuum.
EEE After the annealing treatments, the morphology and
DC magnetron sputtering; crystallinity of the WOs thin films were observed using FE-
SEM, GI-XRD and Raman spectroscopy. The optical
properties were analyzed by UV-Vis spectroscopy. The
results showed the decrease of film thickness under
different annealing conditions. In addition, the annealing
conditions also affected the crystalline structure at
diffraction planes (200) and (002). The transmittance of the
WOs thin films revealed that the annealing treatment at
high vacuum led to lower transparency. Furthermore, the
WO; thin film annealed under air produced the highest PEC
efficiency. Therefore, this approach offers an alternative
strategy for photoelectrochemical (PEC) water splitting
application.
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1. Introduction

The development of metal oxide semiconductors for photoelectrochemical water splitting has led to
new potential application in H, production [1, 2]. To obtain the efficient photoanode, light
absorption capability and charge separation must be realized. The generation of electron-hole pairs
depends on the light absorption capability. Narrow band gap energy materials are also required. To
generate a photoelectrochemical reaction, a separation and migration of electrons and holes are
needed to overcome the recombination process.

Among the metal oxide materials, WOs is suitable for use as a photoanode because it has
a narrow band gap energy and superior charge transport properties. WO3 has superior potential to
be use as a photocatalytic material due to its low cost, environment friendliness, and stability in
acidic and oxidative conditions [3]. In addition, it possesses a narrow band gap energy (2.5-2.8 eV)
making it suitable for visible light utilizations [4]. The mechanism of the photocatalytic activity of
WO3 depends on the separation and transfer of photo-generated charge carriers. Many strategies
have been proposed. The reactive DC magnetron sputtering technique provides a uniform
distribution of sputtered materials and can produce good adhesion between sputtered materials and
substrates [5, 6]. Annealing treatments are widely used to improve WOs properties. It was observed
that high annealing temperature increased the PEC performance of WO3 nanosheet/nanorods [7].
Moreover, varying the conditions of annealing can lead to a range of electronic and optical properties
of WO;. Air annealing of samples provides a maximum photocurrent density that is significantly
higher than those of O, and H; annealed samples [8]. The WOj; film that forms in vacuum annealing
has the sub-stoichiometric formula of WOs.x. Air-annealed film has a lower light absorption in the
visible region compared with film annealed in a vacuum. Furthermore, both air and vacuum
annealed have substantial effects on the photoelectrochemical activity of WO; films [9]. The
annealing ambient has a strongly influence on the morphology of film surface, phase transition and
crystal structure [10]. Therefore, an exhaustive examination on the effects of annealing treatment
conditions on the PEC performance of WOj3 thin films were performed.

In this work, direct current magnetron sputtering technique was used to fabricate WOs3 thin
film. High vacuum, low vacuum and air annealing of prepared samples were considered in aspect
of photoelectrochemical water splitting. The obtained WO3 photoanodes were examined on the
corresponding to morphology, optical properties, and photocurrent response. The thickness of their
nanostructure WO; layer could be fluctuate due to changes in the annealing conditions. The
crystallinity and the presence of oxygen vacancies were also investigated because these properties
are important factors in the analysis of PEC water splitting performance. Finally, the photocurrent
response of annealed photoanodes were measured and discussed. The optimized photo-response
behavior of the sample could be promising candidates with high performance in PEC water splitting
applications.

2. Materials and Methods
2.1 Fabrication of WO; thin films

The WOs thin films were fabricated by reactive direct current magnetron sputtering technique as
described in our previous work [5]. The sputtered WO; particles were deposited on glass slide
substrates, bare silicon wafer substrates, and on transparent conductive glass slides (ITO) substrates
with sheet resistance of 12 Ohm/sq. Their optical transmittance was measured on glass slide
substrate samples, and bare silicon wafers were used for thin-fim characterization. Photocurrent
response was evaluated on ITO coated glass slide substrate samples. All substrates were
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successively sonicated with acetone, isopropanol. Then, the substrates were rinsed in deionized
water. Finally, the substrates were blown with N» before loading with the various substrates onto
sample holders in sputtering chamber. A high pure quality tungsten disc (99.995%, from Kurt J.
Lesker) with diameter of 3 inches was used as the sputtering target. The pre-sputtering process was
operated at 100 W DC power for 3 min in argon atmosphere with base pressure of 5.0 x 10 mbar.
During the sputtering deposition, the tungsten target was sputtered in a mixture of 99.999% oxygen
and 99.999% argon at constant feed rates of 80 and 100 sccm, respectively. The sputtering process
was supplied at DC power of 75 W to generate plasma discharge. The operating pressure was 3.5 x
107 mbar. The substrates were rotated at 10 rpm with the deposition time of 30 min. Finally, the
obtained samples were annealed in air, low vacuum (5 X 10> mbar) and high vacuum (5 X 10 mbar)
at 400°C for 2 h.

2.2 Characterization

A Hitachi SU8030 field emission electron microscope (FE-SEM) was used to observed the physical
morphology and the film thickness. The crystallographic analysis of the post annealing samples was
performed with a glancing-incident X-ray diffraction (GIXRD, Rigaku) using a monochromatized
Cu Ka radiation source at 50 kV supply voltage and 300 mA current. The XRD measurements were
set at 0.02° steps from 20° to 70° and scanning speed of 3°/min. The optical transmittance was
measured by an Agilent Cary 7000 UV—Vis—NIR spectrophotometer with the wavelength ranging
from 300 to 2000 nm. In addition, Raman scattering spectra was obtained on a confocal Raman
microscope (Ranishaw inVia Reflex) for analysis of crystallinity of the WO3. The Raman spectra
measurement was recorded with laser excitation at 532 nm and 0.5 mW laser power. The exposure
time was set at 20 s. The water photo-oxidation performances of obtained WOs3 thin-films were
measured with a three-electrode cell configuration in 0.5 M Na,SO4 aqueous solution, as shown in
Figure 1. The applied potential was controlled at 1.0 V vs. Ag/AgCl on a PAR-VersaSTAT3
voltammetry analyzer under chopped visible light illumination. Prepared WOs3 thin film deposited
on ITO coated glass slide was used as working electrode. Pt wire was used as counter electrode. The
reference electrode was Ag/AgCl (in 3 M NaCl, Bioanalytical System, Inc.).
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Figure 1. Photoelectrochemical measurement setup
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3. Results and Discussion

Figure 2(a) showed the surface morphology and cross section FE-SEM images of tungsten oxide
thin films at various ambient annealing conditions. After annealing under air and low vacuum, the
WO; grain boundaries were more obvious compared to those of as-deposited WOs3 thin film.
Moreover, the grain morphology was slightly changed after annealing under high vacuum. The
cross-sectional WOs thin film appeared to be flat and dense. The SEM images show that annealing
conditions had an effect on the thickness of WOs3 thin film, as shown in Figure 2(b). The annealing
treatments produced greater film thickness in the following order: high vacuum, low vacuum and
air. For the air annealing condition, the thinnest film was produced. The thickness of the WOj3 thin
film layer was measured to be approximately 410 nm. Low vacuum annealed WOs3 film and high
vacuum annealed WOj; film exhibited the thicknesses of 440 and 460 nm, respectively. Our results
showed a similar trend to those in the literature [10]. The lowest thickness of the air-annealed sample
was probably due to the formation of fully stoichiometric WO3 [9]. W—O atom pairs during phase
transformation tend to become arranged in a higher-ordered crystalline structure. Under vacuum
annealed conditions, the presence of sub-stoichiometric WOs.x leads to formation of delocalized
atoms and dangling bonds.
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Figure 2. (a) Cross sectional SEM images of various annealing conditions and (b) The thickness
of obtained samples and (c) The optical transmission of prepared WO3 thin film
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Photographs illustrating the transparency and color of the prepared WOs3 thin films are
shown in Figure 2(b). The color of air annealed coated film was nearly unchanged compared to that
of the as-deposited WOs; thin film. For low vacuum treated WOs3 thin film, the color of the film
changed from light red to light green. Under high vacuum treatment, the color of the film became
blue. Therefore, it can be observed that the thickness of WO; thin film layers affected the transition
of color.

Furthermore, transmittance measurements were employed to analyze the transparency of
WOs thin films. Figure 2(c) shows the transmittance spectra of the as-deposited WOj3 thin film and
the post annealed WOs thin film. The optical interference resulting from WO; thickness layer was
obviously observed. The averge transmittance (Tave) of obtained samples was evaluated from the
calculation of integral visible transmittance in the range of 380 to 780 nm using the following
formula [11].

T J $rum DT @A) (1)
o J brum DA

Where T(A) is the transmittance at wavelength in the visible region, ¢um denotes the standard
luminous efficiency function for photonic vision of human eye.
Tave of the as-deposited sample, air annealed sample, low vacuum annealed sample, and

high vacuum annealed sample were calculated as 75.90%, 80.57%, 65.51%, and 37.80%,
respectively. The highest average transmittance was obtained for the air annealed WOs3 thin film,
probably due to the smaller film thickness. The higher transparency can be attributed to the
penetration of photon particles resulting in the generation of large number of photo-excited carriers.
These features then promote light harvesting applications.

The transmittance spectra can be converted to absorption coefficient for the evaluation of
band gap energy. The absorption coefficient was calculated according to Velevska et al. [12].

a(v) = Eln% @)

Where T is the measured transmittance spectra and d is the film thickness.
The band gap energy was evaluated by extrapolating the linear region of Tauc plot using
Tauc’s equation [19].

a(hv)" = B(hv — Ey) 3)

Where B is a constant, hv is the incident photon energy, E, is the band gap energy, and the absorption
coefficient is a. The index n provides the type of electronic transitions causing the absorption. The
values of n are 1/2, 2, and 2/3 for indirect allowed, direct allowed, and direct forbidden, respectively.

The calculated energy gaps of the thin films annealed under air, low vacuum and high
vacuum were about 3.16, 2.78, and 2.92 eV, respectively (Figure 3). The band gap energy decreased
when annealing was done in vacuum ambient compared to air annealed sample. Vacuum annealing
provided more creation of oxygen vacancies. The existence of oxygen vacancies resulted from the
defect state and consequently created defective band energy levels below the conduction band. This
localized state increased with increasing oxygen vacancy concentration and resulted in the band gap
energy becoming narrower.
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Figure 3. Variation of the optical band gap of WOs thin films at different annealing conditions

Grazing incident X-ray diffraction was employed to identify the crystal structure and
crystallinity of the prepared samples. The as-deposited WOs3 film clearly presented amorphous
structures. At air annealed WOs3 thin film and low vacuum annealed WO; thin film, monoclinic
phase was detected from the XRD patterns, as shown in Figure 4(a). Several significant peaks
appeared, which were the (020), (200), (112), (202), and (222) facets of JCPDS Card No. 43-1035.
A narrow half-width maximum peak indicates a higher degree of crystallinity of film. For high
vacuum annealed WOs thin film, broadened peaks and diminished peaks were evidenced compared
to the air annealed sample. These phenomena provided evidence of higher disordering of crystal
structure. Thus, the high vacuum annealed WO3 film under a low oxygen content atmosphere also
provided low crystallinity. The existence of oxygen-related crystal defects promotes the presence of
oxygen vacancies. Notably, a higher proportion of XRD peaks related with the (200) plane and the
(020) plane in the low vacuum annealed WO; film were seen compared to the air annealing WO3
sample. This result indicated that low vacuum annealed WOj3 preferentially grew along the [100]
direction. During the PEC water splitting process, the formation of OH* species is typically known
to occur more readily on the (200) plane compared to the (002) plane [8]. Inversely, photo-assisted
water oxidation occurs preferentially on the (002) plane [5, 13]. Consequently, air annealed WO;
tended to demonstrate the higher photoactivity of PEC water splitting.

Raman spectra were created to study the crystallinity of the WO; thin films. The Raman
shift is sensitive to W-O bonds in crystal structure. Hence, various annealing conditions of thin films
exhibited different Raman spectra. Figure 4(b) shows the Raman spectra of the as-deposited WO;
thin film and various annealed WOs3 thin films. The as-deposited WOs3 thin film and high vacuum
annealed WOs thin films did not show the specific peaks of any WOs crystal structure. The Raman
spectra of the air annealed WOs thin film significantly indicated 4 major peaks at 134, 272, 714, and
806 cm™'. All vibrational characteristic peaks were identified to be lattice mode (134 cm™), §(O-W-
0) bending mode (272 ¢cm™), and v(O-W-O) stretching mode (717 and 806 cm™) [5, 14]. These
Raman peaks clearly revealed the rearrangement of crystallinity with monoclinic phase
corresponding to our XRD results and other literatures [15, 16]. In the low vacuum annealing WO3
treatment, the Raman spectra band of the monoclinic phase was maintained but the characteristic
peaks slightly shifted towards lower wavenumber (711 cm™), which related to the air annealed WO
thin film. This phenomenon was caused by increased creation of oxygen vacancies [17]. Moreover,
an additional Raman peak in the air annealed WO; film at 326 cm™! was obviously observed and it
indicated an enhancement of crystallinity compared to low vacuum annealed WOs3 [18].
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Figure 4. Crystal structure of WO; film as investigated by (a) grazing incidence X-ray diffraction
and (b) Raman spectroscopy

To evaluate the photoelectrochemical performance of annealed WO; thin films, the
photocurrent responses were measured using an illuminating photoanode under solar light
simulation. As exhibited in Figure 5(a), with the light switched on and off, the photocurrent response
was improved in the case of annealed WO3 thin film while the as-deposited sample was inactive.
For the high vacuum annealed WO3 photoanode, a nominal photocurrent could be observed at 0.48
pA/cm?. The air annealed condition exhibited the highest photocurrent of 28.72 pA/cm?. These
phenomena can be attributed to the combining of the highest transparency and crystallinity of
prepared sample. As transparency of film increases, more incident light can penetrate through the
WO; crystal structure. Therefore, more photo-excited carriers were created. During the electron
transport process, the high crystallinity monoclinic phase of the air annealed sample facilitates
electron transfer rate along the structure. In addition, the presence of an optimum amount of oxygen
vacancies created in the air annealing treatment process acts as trap sites for electron-hole
recombination. The higher photocurrent response was due to the combining of generation and
separation of more photo-excited electron-hole pairs. The photocurrent response of the low vacuum
annealed condition was reduced to 3.46 uA/cm?. This was due to favorable accumulation of OH*
species on the (200) plane [8]. These ion species obstruct photoactivity in the PEC water splitting,
leading to a decrease in the photocurrent response. Furthermore, a high level of oxygen vacancies
behaves as recombination center of photoelectron and hole; hence there is a reduction in the photo-
water oxidation performance of the photoanode electrode. The transient spike can obviously be seen
in the low vacuum annealed sample. This was due to the recombination of surface-trapped photo-
generated minority carriers and the photo-generated major carriers [19]. Furthermore, the long-term
stability of WOs3 thin film annealed under air conditions was measured at 1800 s, as represented in
Figure 5(b). It was observed that the photocurrent density that presented gradually decreased to
about 24.52 pA/cm?. Nevertheless, good stability could be confirmed under the long-term
irradiation.
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Figure 5. (a) Photo-current response and (b) long term stability of WO; photoanode

4. Conclusions

In this work, WO3 thin films for use as photo-anodes in PEC water splitting were synthesized by
direct current magnetron sputtering. The prepared samples were treated under ambient air, high
vacuum, and low vacuum annealing conditions at 400°C. The obtained results showed that suitable
atmospheric annealing treatment improved the crystallinity and transparency of the samples. The air
annealed samples exhibited the smallest thickness resulting in the achievement of the highest
average transparency. It was clear that the air annealed sample promoted the most stable monoclinic
phase, which occurred when an optimum level of oxygen vacancies was introduced into crystal
structure. Hence, the air annealed WOs thin film provided the highest photocurrent response at 28.7
pA/cm?. Additionally, this enhancement of photocurrent phenomena was due to a high transparency
of thin film that encouraged the penetration of incident light photons throughout the crystal structure.
In contrast, the photo-assisted water oxidation process of the low vacuum annealed sample was
hindered by preferable accumulation of OH* species on (200) plane, leading to a significantly
reduced photocurrent response. Besides, a high abundance of oxygen vacancies activates the
recombination process that diminishes the PEC water splitting rate. Therefore, the air annealed
sample was the optimum photo-anode. It can be used in PEC water splitting applications that require
a combination of high photo-excited carier creation and high electron transport rate.
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